X -8 GOEBEL ET AL.: EARTHQUAKE SWARMS AND FLUID INJECTION 1c). The horizontally-elongated perforation zone of well WD05, which extends directly 100 east from the well-head, increased the probability of intersecting the Tejon fault with the 101 borehole. 102 
Seismicity analysis and hydrogeological modeling
The White Wolf swarm shows evidence of systematic event migration between injection 103 sites and the M w 4.6 hypocenter (Figure 1c & 2) . This systematic migration is best seen in 104 relocated catalogs that include newly detected events using a template-matching method 105 and may easily remain undetected in standard seismicity catalogs ( Figure 2 ). Within the 106 first two months of wastewater disposal in WD05, we observed some shallow seismicity at 107 4 km depth beneath the injection site and on the Tejon fault to the northwest, while little 108 to no seismic activity occurred to the south and southeast. Within the following months, 109 the area northwest of well WD05 in direction of the WWF became progressively active. 110 Much of this seismicity was concentrated just up-dip of the intersection point between 111 the Tejon and White Wolf fault between ∼70 to 150 days after injection (see animations 112 in the online Suppl.). In the two years prior to injection into WD05, seismicity rates 113 within a 10 km radius of the well were largely constant ( Figure 3a ). The start of injection 114 also marked the onset of seismicity rate increase which peaked about 150 days later. The 115 occurrence of the three M L >4 events was closely followed by a ∼30% decrease in injection 116 rates in well WD05 and injection rates kept decreasing over the ensuing 4 years.
117
In addition to seismicity rate changes, the frequency-magnitude-distribution (FMD) a 10 km radius was 0.6. This value was significantly lower than before (b=1) and after 121 (b=0.9) peak injection activity. Moreover, we observed a long-term decrease in b-value 122 coincident with a rate increase in cumulative injection rates in WD01, WD04 and WD05 123 ( Figure S4 ). Using Monte Carlo simulations of earthquake magnitudes based on the ob-124 served a-value, magnitude of completeness of 1. existence of a zone with higher permeability than the surrounding lithology is supported 138 by several observations such as: 1) The asymmetric seismicity distribution concentrated 139 N-W of well WD05 with little to no seismicity to the south and east of the injection sites.
140
Most of these events occurred at depths between the M w 4.6 hypocenter and the injection Our modeling results show that thin fault zones with higher permeability lead to 
Discussion
The identification of human-induced earthquakes in tectonically active regions such as 195 California is generally complicated by the many naturally occurring seismicity sequences.
196
To address these challenges, we used detailed statistical analysis methods [Goebel et al., and are similar to observations of V tot and M max in Timpson, Texas and Painesville, Ohio 207 [McGarr , 2014] . This analysis assumes that injection in all three wells (WD01, WD04 208 and WD05) contributed to the induced seismicity sequence.
209
Our results highlight that injection related earthquake triggering processes may involve 210 multiple mechanisms. A plausible mechanism for the triggering of the White Wolf swarm is 
